Introduction
There is an increasing interest to use sugarcane bagasse (SCB) as a source of monosaccharides, to be released from the polysaccharides present, for the production of biofuels and chemicals. SCB is composed of cellulose (37-45% w/w), hemicellulosic xylan (26-32% w/w) and lignin (11-28% w/w). The contents vary due to, for example, seasonal crop variations or differences in conditions used to extract sucrose from the sugar cane (Canilha et al., 2011; Kim and Day, 2011; Murciano Martínez et al., 2015) . A combination of physical pretreatment followed by a thermoassisted chemical pretreatment is commonly performed in order to disrupt the structure of the lignocellulosic complex architecture. A subsequent enzymatic hydrolysis step is required to convert the residual (hemi-) cellulosic structures into monosaccharides. Two of the most promising thermo-assisted chemical pretreatments used are dilute acid catalysed and dilute alkali catalysed treatments and both enhance the subsequent enzyme hydrolysis (Kumar et al., 2009) . Thermo-assisted dilute acid pretreatments are reported to depolymerise and dissolve hemicellulose and minor amounts of lignin (Alvira et al., 2010) . This may lead to formation of fermentation inhibitors, such as furans or organic acids, and require an additional detoxification step. Thermo-assisted NaOH pretreatments are known to dissolve lignin and hemicelluloses, improving the subsequent enzymatic degradation of the cellulosic fraction remaining, and only low amounts of inhibitors remain in the (hemi-) cellulosic residues (Palmqvist and Hahn-Hägerdal, 2000; Murciano Martínez et al., 2015) . How NaOH interacts with lignin, however, is poorly understood. That may be partly due to difficulties encountered in the analysis of residual lignin. Also, to which extent the remaining lignin or hemicellulose in the cellulose-rich residues obtained after alkaline pretreatments affects the enzymatic hydrolysis of these residues is unknown.
In general, lignin is composed of 4-phenylpropanoid units, categorized based on the degree of methoxylation of the benzene ring http://dx.doi.org/10.1016/j.biortech.2016.05.040 as p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) (Adler, 1977) . The proportion of the three monolignol-derived units in lignin varies depending on the type of plant biomass (Ralph et al., 2004) . For example, the main lignin unit present in softwood is generally the S unit, while grass type biomasses, like SCB, are rich in H units. In addition, a fraction of the H units in grasses is suggested to be interlinked with xylan. Therefore, such units are pending from the lignin bulk (Del Río et al., 2012; Rencoret et al., 2013) and considered as non-core lignin (NCL). The complex formed when lignin is interlinked with xylan is called lignin-carbohydrate complex (LCC) (Fengel and Wegener, 1984) . Within lignin, the units are inter-linked and thereby form a hydrophobic polymer. The most common linkages described are b-O-4, b-5, b-b, 5-5 and 5-O-4, with b-O-4 as the predominant one (Boerjan et al., 2003; Lewis and Yamamoto, 1990) . Recently, Del Río et al. (2015) published an extensive characterization of SCB lignin in which b-O-4 and b-5 are described as the main linkages, representing 83% and 6% of the total linkages present, respectively. Lapierre et al. (1989) showed that during 1 M NaOH extraction of wheat straw, the main cleavages within the lignin bulk were in the aryl ether linkages, like b-O-4. In addition, peroxide treatments of grasses are reported to cleave alkyl-aryl ether linkages at pH values around 11 (Li et al., 2012) . Nonetheless, when the aryl ether linkages are part of LCCs they appear to be stable in mild alkaline conditions (Kosikova et al., 1979) . Ester linkages, for example existing between lignin units and carbohydrates, are the most labile under alkaline conditions (Buranov and Mazza, 2008) . Nonetheless, no information on which lignin linkages are cleaved at different conditions of thermal pretreatments, ranging from a pH of 4-11, of particularly SCB is described in literature.
In the current paper, it is hypothesized that ester linkages between H units and xylan are cleaved at 4% of NaOH (w/w per substrate dry matter), reaching a pH above 8.6, thereby provoking removal of xylan, but not of lignin. At 9% NaOH pretreatments the pH is above 10, which is hypothesized to cleave b-O-4 linkages resulting in a release of in particular NCL phenolics, such as ferulates and coumarates. As a consequence, xylan and NCL-lignin depletion in the remaining residues should be observed. Therefore, the chemical composition of residual lignin remaining after alkaline pretreatment of SCB is determined by analytical pyrolysis GC/MS and residual xylan recoveries are analysed. Finally, the extent of enzymatic glucan hydrolysis of the residues obtained after the pretreatments is correlated to the lignin and xylan recovery and type of lignin present in the residues.
Materials and methods

Materials used
Sugarcane bagasse (95% (w/w) dry matter (DM), was kindly supplied by Corbion Thailand (Banchang, Thailand). The chemical composition of SCB was analysed by Murciano as follows: 37% cellulose, 2% arabinose, 22% xylose, 1% uronic acids, 28% lignin, 1% acetic acid, 1% protein, 5% ash. The enzyme cocktails CellicCTec2 and CellicHTec were kindly provided by Novozymes (Bagsvaerd, Denmark) and stored at 4°C. All chemicals used were purchased at Sigma-Aldrich (St. Louis, MO, USA), unless stated differently.
Alkaline pretreatments of SCB
Pretreatment experiments were performed in a 100 mL vessel containing 7.7 g of SCB. Twelve different pretreatment conditions were used varying in amount of NaOH added, temperature and residence time in the reaction vessels and shown in Table 1 . The dry biomass loading was fixed at a solid:liquid ratio of 1:10 (w/w) including alkali, if present. The pH of the reaction mixtures was measured prior to and after the pretreatment (Table 1) .
After pretreatment, the samples were neutralized using acetic acid, centrifuged (10,000g, 15 min, 4°C) and separated into a wet residue and supernatant. The supernatant was weighed, analysed for dry matter and analysed for carbohydrate content and composition. The wet solid residue was weighed, subjected to enzyme hydrolysis, and analysed for dry matter measured after freeze drying. Afterwards, it was washed 3 times with deionized water, freeze dried and analysed for carbohydrate composition and content, composition and for lignin by py-GC/MS. Fig. 1 shows the steps taken during the whole experimental procedure. a NaOH (g) per 100 g SCB dry matter. b Before pretreatment, SCB, NaOH and water were mixed and after 1 h the pH was measured (pH before). After pretreatment the material was cooled to 20°C and the pH was measured again (pH after). 
Enzymatic incubation of the residues obtained after alkaline pretreatment of SCB
The wet neutralized residues (200 mg dry matter) were subjected to enzymatic hydrolysis in 10 mL NaOAc buffer pH 5.5, in duplicate, by using a combination of two enzyme-cocktails, kindly supplied by Novozymes, CellicCTec2 and CellicHTec (ratio 10:1 (w/ w)). The total enzyme loading was 3% (w/w; enzyme protein/dry matter substrate), which was in the range advised by the supplier (Novozymes website). The protein content was 127 and 120 g L
À1
for CellicCTec 2 and Cellic HTec, respectively. The incubations were performed at 50°C, rotated head-over-tail for 72 h. Sodium azide was added as bacteriostatic agent (0.02% w/v).
HPAEC
The enzyme digests (72 h, duplicates) were analysed for glucose and xylose contents using high-performance anion-exchange chromatography (HPAEC) with pulsed amperometric detection (PAD) was applied to quantify monosaccharides. Hereto, a Dionex ICS-5000 unit (Dionex, Sunnyvale, CA, USA) was equipped with a CarboPac PA-1 column (2 mm Â 250 mm ID) in combination with a CarboPac guard column (2 mm Â 50 mm ID) and PAD detection. The system was controlled by Chromelion software (Thermo Scientific, Sunnyvale, CA, USA). Elution (0.3 mL min À1 ) was performed at 20°C with a combination of isocratic elution and linear gradients from three types of eluents, 
Carbohydrate composition and content
Neutral sugars composition was determined as described elsewhere (Murciano Martínez et al., 2015) .
Klason lignin content
Klason lignin content was determined as described by Murciano .
Analytical pyrolysis GC-MS
Pyrolysis of 100 lg, weighed on a Mettler-Toledo XP6 microbalance (Mettler-Toledo, Columbus, OH, USA), of all SCB residues was performed with an EGA/PY-3030D micro-furnace pyrolyzer (Frontier Laboratories, Fukushima, Japan) connected to a Thermo7820A gas chromatograph using a DB-1701 fused-silica capillary column (60 m Â 0.25 mm internal diameter, 0.25 lm film thickness) coupled to a DSQ-II thermo mass selective detector (EI at 70 eV) (Thermo Scientific, Waltham, MA, USA). The same residues were submitted to pyrolysis-GC/MS (py-GC/MS) after tetramethylammonium hydroxide (TMAH) treatment performed as described elsewhere (Kuroda et al., 2001 ). The pyrolysis was performed at 500°C for 1 min, using a split flow of 1:33 after pyrolysis. The GC-oven temperature was programmed from 45°C (0-4 min) to 280°C (5-60 min) at 4°C min À1 . Helium was the carrier gas (1 mL min
À1
). The compounds were identified by comparing their mass spectra with those of the Wiley and NIST libraries and with those reported in literature (Ralph, 1991) . Peak molar areas were calculated for all py-GC/MS products analysed and converted into relative abundance (RA) by dividing the peak area by the total area. Peak molar areas divided by the weight of dry matter subjected to pyrolysis were calculated and denoted as area (A x ). The area of a certain compound in the residues (A x ) is compared to the area of the same compound in the residue obtained after the mildest pretreatment (Sample code 3; Table 1 ; A 3 ) as relative area (A x /A 3 ).
As a measure for the normalised lignin compound yields (NA x ; Eq. (1)), A x was multiplied with the amount of dry matter recovered (RDM) after pretreatment in the residue (Table 2) . NA x was related to A 3 to the normalise the lignin yield related to the mildest pretreatment as NY PL x/3 (Eq. (2)). Measurements were performed in triplicate and samples treated with tetramethylammonium hydroxide (TMAH) were analysed in duplicate.
ð 1Þ RDM = recovered dry matter from SCB in the residue after pretreatment (g)
3. Results and discussion
Alkaline pretreatments of SCB
SCB milled fibres were treated with different concentrations of NaOH and at various temperatures and residence times (Table 1) . Such pretreatment conditions have been described to increase the surface area of (hemi-)celluloses by swelling of the material and removal of lignin (Park and Kim, 2012) . The yield from xylan in the residues obtained after pretreatment is shown in Table 2 . It was clear from Table 2 that the more severe the pretreatment conditions, the less xylan remained in the residues. The sodium hydroxide concentration had the most effect on residual xylan yield, as has already been found by Karp et al. (2014) for sodium hydroxide pretreatment of corn stover. For example at a sodium hydroxide loading of 9 wt% (samples 2, 5, 7, 9) 48-55% of xylan was removed or degraded from the residues. Murciano Martínez et al. (2015) obtained similar results.
After pretreatment the pH was lower for most samples compared to the pH before pretreatments (Table 1) , especially in the samples with 0 or 4% sodium hydroxide loading (samples 3, 4, 6, 8, 10, 11) observed from Table 1 . Apparently, during pretreatment of SCB acidic groups were exposed. In addition, part of the xylan was, most likely, partially converted to unknown compounds upon prolonged reactions in alkali, which could include small organic acids (Aspinall et al., 1961) . Fig. 2A . This figure shows that the residual xylan recovery correlated well with the enzymatic conversion of glucan to glucose. The conversion of residual xylan to xylose followed the same trend (data not shown). In Fig. 2B , also, the lignin recovery was plotted against the enzymatic cellulose degradation. Analytical pyrolysis GC/MS (py-GC/MS) was used to determine the residual lignin yield instead of the traditionally used Klason lignin method (Hatfield and Fukushima, 2005) . The aspecific character of the latter method was the main reason to choose for py-GC/MS. The lignin yields of the mildest pretreatment performed (NY PL x/3 ; Table 3 ) was set as 100% (Fig. 2B) . It was assumed that in the residue obtained after the mildest pretreatment all lignin present from SCB was recovered. Calculations are given in the materials and methods. Fig. 2B shows that the higher the normalised yield of lignin (NY PL x/3 ), the lower the enzymatic conversion of glucan into glucose in the residues was. However, the correlation is not as pronounced and linear as shown in Fig. 2A for xylan yield in residues versus enzymatic conversion of glucan. A recent study of Yu et al. (2015) showed a complete enzymatic conversion of glucan into glucose after pretreatment of SCB by using alkaline peroxide, which provoked a release of the lignin and, to a lower extent, of the xylan from SCB in the remaining residues.
To sum up, xylan depletion correlated with the enzymatic glucan conversion of the residues obtained after the NaOHpretreatments, but more than 70% of lignin remained. Nevertheless, a trend showing an increase in enzyme hydrolysis with lower normalised lignin yields was observed. Fig. 2 . Xylan yield in the residues (Res) (% w/w) versus enzymatic conversion of glucan in the residues to glucose (A), and normalised lignin yields obtained in the residues (Res) based on pyrolysis GC/MS (NY PL x/3 ) after alkaline pretreatment at 0% (blue), 4% (red) and 9% (green) NaOH dosages, versus enzymatic glucan conversion (B). Numbers refer to the sample codes described in Table 1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 3 Relative abundance of Py-GC/MS analysed lignin compounds (numbered as N 1 to 30). Standard deviations are lower than ±0.5 unless presented differently. Chemical structures of the lignin compounds are represented in Supplementary Fig. 2 4-Vinylguaiacol 11 ± 0.5 10 11 ± 0.8 11 ± 0.6 10 11.2 9.8 9.5 11 ± 0.6 11.1 10.7 10.3 11 ± 0.5 10 4-Vinylphenol 52 ± 1.7 49 ± 1.1 46 ± 0.8 56 ± 0.7 52 ± 1.4 38 ± 0.8 54 ± 0.7 48 ± 2.1 52 ± 1.1 43 ± 2.2 57 ± 0.6 52 ± 0. 
Characterization of alkaline treated SCB residues by pyrolysis-GC/ MS and TMAH-pyrolysis-GC/MS
Subsequently, we aimed to study the lignin composition of the residual lignin after the pretreatments performed. The latter was to corroborate our hypothesis that ester-linkages are cleaved at 4% NaOH and b-O-4 linkages are cleaved at 9% NaOH, which result in a decrease of non-core lignin phenolics (NCL) as proposed in literature (Lapierre et al., 1989) . Hence, residual lignin compounds were analysed by py-GC/MS. The pyrograms of the residues with the highest normalized lignin yield (sample 3 (Res 3 ); Fig. 2 ) and the lowest lignin yield (sample 5 (Res 5 ); Fig. 2 ) are shown in Supplementary Fig. 1 . The identities of the compounds analysed and their relative abundances are given in Table 3 and Supplementary  Fig. 2 . Pyrolysis derived compounds originating from carbohydrates were also present and indicated in Supplementary Fig. 1 , but not further taken into account in this research. The most abundant lignin units in untreated SCB were 4-vinyl phenol (52%), 4-vinyl guaiacol (11%), phenol (5%), guaiacol (4.6%) and syringol (3.6%) ( Table 3 ). The sum of these compounds account for 76% of all lignin units present in SCB and were also annotated as the main lignin units for untreated SCB in literature (Del Río et al., 2015) . Not only in untreated SCB, but in all residues analysed, 4-vinyl phenol, 4-vinyl guaiacol, guaiacol, syringol and phenol were the most abundant lignin units and covered at least 70% of the total lignin peaks analysed, with 4-vinyl phenol as most dominant (Table 3) .
Previous studies report that the predominance of 4-vinyl phenol and 4-vinyl guaiacol in the pyrograms of grasses is due to degradation during pyrolysis of the NCLs p-coumarates and ferulates, respectively (Del Río et al., 2012) . To find out if the 4-vinyl phenol and 4-vinyl guaiacol analysed in SCB residues originated from p-coumaric acid and ferulic acid, the residues were subjected to methylation by TMAH followed by subsequent py-GC/MS. The use of TMAH in py-GC/MS avoids decarboxylation of p-coumarates and ferulates, as shown in Supplementary Fig. 3 . TMAH also induces cleavage of alkyl-aryl ether bonds in lignin releasing methylated derivatives, such as 4-vinyl phenol and 4-vinyl guaiacol. This method allowed the discrimination between 4-vinyl phenol/4-vinyl guaiacol present as such from being py-GC/MS products of decarboxylated p-coumarates and ferulates, respectively (Del Río et al., 2007) . TMAH py-GC/MS (Supplementary Fig. 1B) of Res 3 and Res 5 showed three main peaks coded as 9 TMAH , 10 TMAH , 12 TMAH , of which the structures are shown in Supplementary Fig. 2 . No methylated derivatives from 4-vinyl phenol and 4-vinyl guaiacol were detected in the TMAH pyrograms. Therefore, it was concluded that most of the 4-vinyl phenol and 4-vinyl guaiacol analysed by py-GC/MS (without TMAH) of the residues indeed originated from p-coumarates and ferulates, respectively (Del Río et al., 2007) . The third major annotated compound was 1,2,3-trimethoxybenzene (12 TMAH ), which has a syringol like ring-structure. In grasses, S units like syringol, are reported to be linked to p-coumarates mainly via ester linkages (Del Río et al., 2007; Grabber et al., 1996) . The cleavage of a syringol-pcoumarate linkage and methylation of both units is possible in TMAH py-GC/MS as this method induces the cleavage of esters or alkyl-aryl ether bonds (Kuroda and Nakagawa-izumi, 2006) . The 1,2,3-trimethoxybenzene could also be derived from tricin after the alkyl cleavage of the structure by TMAH pyrolysis. The presence of tricin, which is an O-methylated flavone, is recently reported to be a generic characteristic of grass lignin (Lan et al., 2015) , and it is also reported to be present in SCB lignin (Del Río et al., 2015) .
As mentioned above, the xylan yield in the residues correlated with the enzymatic hydrolysis of glucan to glucose. Therefore, it is proposed to use the residual xylan yield as a measure of the severity of the pretreatment performed. In Fig. 5 , the area of the most pronounced lignin compounds analysed in the residues, related to Res 3 (A x /A 3 ), is plotted versus the residual xylan yields, which is shown in Fig. 3 as non-core 4-vinyl phenol (Fig. 3A) , non-core 4-vinyl guaiacol (Fig. 3B ) and the sum of the core-lignin compounds phenol, syringol and guaiacol (Fig. 3C) . The trend of the individual compounds phenol, syringol and guaiacol was similar to their sum (data not shown). It should be noted that in Fig. 3 the areas per lg of material pyrolysed is plotted, and not the relative abundance as shown in Table 3 . Hence, Fig. 3 represents the lignin compounds analysed per lg of residue rather than related to the total lignin present. Interestingly, an almost linear correlation was found between the residual xylan yield and the A x /A 3 of 4-vinyl phenol, originating from p-coumarates (Fig. 3A) . The same trend was visible for the A x /A 3 of 4-vinyl guaiacol, originating from Fig. 3 . The xylan yield in the residues obtained after NaOH pretreatments of SCB as a measure of pretreatment severity, related to the relative area Res 3 (A x /A 3 ), of 4-vinyl phenol (A), 4-vinyl guaiacol (B) and the sum of phenol, guaiacol and syringol (C). Numbers refer to the sample codes described in Table 1. ferulates, versus the xylan yield. The A x /A 3 -sum of phenol, syringol and guaiacol (Fig. 3C) versus the xylan yield, did not show any trend. The correlation possibly indicated that xylan and lignin are linked via p-coumarates and/or ferulates in sugarcane bagasse and dissolved together by the NaOH pretreatments performed. The latter is supported by the fact that ferulates are described in grasses to be attached mainly to carbohydrates via ester linkages and ether (b-O-4) linked to lignin. These ferulates can participate as bridges in LCCs and carbohydrate-carbohydrate complexes. For completeness, it should be noted that also a fraction of ferulates is described to be only linked to lignin via ether-linkages in wheat straw (Sun and Cheng, 2002) .
Although the py-GC/MS may have been influenced by the (changed) composition of the residues analyse (Table 2) , the analysis of NCL by py-GC/MS (500°C, 1 min) is independent from the composition of the pretreated samples. At these py-GC/MS conditions NCL compounds are fully pyrolysed, while core lignin (CL) compounds are partly not pyrolysed, which has been previously been reported in literature (Liu et al., 2011) . Hence, the part of pyrolysed core lignin might be slightly underestimated in Fig. 3 , in particular for the more severe pretreated samples. The latter strengthens our conclusion even more that the xylan depletion in the residues obtained correlated with depletion of NCL, rather than of CL.
In Fig. 5 , a summary of the possible linkages in which ferulates participate in grasses, according to literature, is given and also possible linkages in which p-coumarates participate. Like ferulates, p-coumarates are described to be attached via ester bonds, mainly to lignin units and specifically to S units or to tricin. In addition, p-coumarates can be linked via ether-linkages to lignin. Nonetheless, the hydroxyl group of the phenolic ring is mainly reported to not be further linked (Ralph, 2010) . Grabber et al. (1996 Grabber et al. ( , 2000 and Del Río et al. (2015)). Tricin-monolignol synthetic oligomers (C) are adapted from Lan et al. (2015) . 4% NaOH pretreatments may be the result of cleavage of the ester linkages between ferulates and xylan and between p-coumarates and S/tricin (Fig. 4) . This indicates that ferulates are mostly still linked to lignin in the residues via the in literature reported b-O-4 linkages (Fig. 4) . Now, we come back at our hypothesis that ester linkages between H units and xylan are cleaved at 4% of NaOH provoking removal of xylan, but not removing lignin. Indeed, at 4% NaOH xylan yields were lower than 70% and ester linkages are known to be cleaved (pH > 8.6, Table 1 ). In the residual lignin the p-coumarate levels had already decreased, while ferulate levels remained constant. At 9% NaOH pretreatments, of the residual lignin, both p-coumarates and ferulates levels were lower than at 0 or 4% NaOH (Fig. 4) . The latter observation corroborates with our hypothesis based on literature knowledge, that in the 9% NaOH pretreatments of SCB both ester and b-O-4 linkages are cleaved (Fig. 4) , resulting in a release of non-core lignin phenolics, such as ferulates and coumarates. CL compounds are reported to be linked via alkaline recalcitrant linkages, such as b-5 or 5-5 linkages, which are not easily degraded under the alkaline conditions used in this research (Yang et al., 2012) . Obviously, in addition to these linkage cleavages, the release of xylan is also due to other degradation mechanisms like alkaline peeling of the xylan (Murciano Martínez et al., 2015) and alkaline disruption of hydrogen bonds between xylan and between cellulose and xylan (Xiao et al., 2001 ). The glucan conversion was higher for the residues obtained after 4% NaOH pretreatments compared to 0% NaOH. As explained above, the increased enzymatic conversion of glucan may be related to the xylan removal and to the removal of NCLs. In the residues obtained after the 9% NaOH pretreatments, a significant lower A x /A 3 was shown of both 4-vinyl phenol and 4-vinyl guaiacol. The corresponding enzymatic glucan conversion was also highest, ranging from 60% to 80% (Fig. 5) .
Residual lignin populations and relation to enzymatic degradation of glucan
Conclusion
In conclusion, both the xylan depletion and the NCL depletion in the residues obtained after the NaOH-pretreatments correlated positively with the enzymatic hydrolysis of the residual cellulose. The pretreatments performed at 4% NaOH resulted mainly in a decrease of ester linked p-coumarates in the residues, while at 9% NaOH both p-coumarates and ferulates decreased. The latter was indicative for the degradation of in particular b-O-4 linkages in the sugar cane bagasse lignin.
